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Fig.1.2 Forecast of global demand of hot stamped parts. 
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Table. 1.1 Comparison of the different coating systems for hot stamping applications 
(reproduced from ref. 11)). 
 
Type of coating 
<Coating composition> 
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?Liquid Al adhesion 
?No cathodic  
corrosion protection 







?Liquid Zn adhesion 








?Brittleness of coating 
7), 28), 29) 
Zn-Ni alloy coating 
<Zn-11wt.%Ni> 
 








































































































































Fig.1.4 Schematic illustrating displacement of atoms at the crack tip proposed by Lynch 
and Popovich. The bond A-A0 constitutes the crack tip, and B is the liquid metal 
atom. 
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Fig.2.2 Schematic illustration of the hot V-bend test.  
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Table 2.1 Maximum specimen temperatures upon heating and specimen temperatures at 







Fig.2.3 Cross-sectional BSE (backscattered electron) images of the surface portion at the 




Fig.2.4 Cross-sectional SEM images of the hot-stamped specimens heated for (a) 120 s, 





Fig.2.5 Magnified SEM images of edges of the large cracks in Fig.2.4 for specimens 
heated for (a) 120 s, (b) 150 s, and (c) 180 s.  
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Fig.2.6 EPMA mapping of zinc and cross-sectional SEM image of a crack generated in a 
specimen heated for 180 s. EPMA mapping was performed for a cross-section of 
an as-polished specimen, and the SEM image was obtained after etching the 











Fig.2.8 Changes in the tested specimen crack depth as a function of heating time in the 
furnace. Numbers in the figure designate the maximum crack depth. Closed 
marks show the maximum crack depth, whereas open marks indicate the 
respective depth of cracks that penetrated the metal substrate. Asterisks denote 





Fig.2.9 Changes in the tested specimen crack width as a function of heating time in the 
furnace. Numbers in the figure designate the maximum crack width. Closed 
marks show the maximum crack width, whereas open marks indicate the 
respective crack width. Asterisks denote the absence of LME.  
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Table 2.2 Average zinc concentrations obtained by EDS and XRD intensity of the 





(s) (wt.%) (cps) (cps) (cps)
As received 88 53 631 23
90 75 276 12 <5
120 44 125 62 12
150 39 57 52 12
180 35 19 29 8
195 36 9 20 <5
210 34 <5 10 <5
225 35 <5 8 <5
240 31 <5 6 <5
270 32 <5 <5 <5
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Fig.2.10 Average composition of the coating layer at the time of hot stamping and the 
specimen temperature at the start of stamping superimposed on the binary Fe-Zn 
phase diagram7). Open marks show the occurrence of LME, whereas closed 
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Fig.2.11 Average composition of the coating layer at the time of hot stamping and the 
maximum specimen temperature in the furnace superimposed on the binary 
Fe-Zn phase diagram7). Open marks show the occurrence of LME, whereas 
closed marks indicate its absence. The numbers in the figure denote heating time 
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Fig.2.12 BSE images and spot EDS zinc concentrations for coating layer of non-deformed 
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Fig.2.13 Maximum crack depth as a function of the total X-ray diffraction intensity of δ 
and η phases in the coating layer. Open marks show the occurrence of LME, 
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Table 3.1 Maximum specimen temperatures during heating, and specimen temperatures at 








Fig.3.1 Schematics of Zn-coating/metal-substrate interface of heavily-cracked specimen, 
showing various contact sites of liquid Zn with the metal substrate. These were 





Fig.3.2 Schematics of Zn-coating/metal-substrate interface of moderately-cracked 
specimen, showing coating separation and crack opening. These were examined 
















"R": Remained interface after hot stamping
"P": Width of crack opening
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Fig.3.4  Cross-sectional BSE (backscattered electron) images of the tip-surfaces of 
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ferrite??? Γ?????????2)????????Fe-Zn ferrite??? Fig.3.1????
?“L”????????????,?????? Zn ????????????????4)?
??Zn?????????????Zn???Zn-Fe????????Fe?Fe-Zn ferrite
?????????? 5)6)????????????????????? Fig.3.5 ???
???????????? 
Fig.3.5?“A”, “B”, “C” , “D”?????????Fig.3.1???????????????










Fig.3.5 Cross-section of the Zn-coating/steel-substrate interface, adjacent to an open 
crack, of the specimen heated for 150 s. The specimen was etched by picric acid 
to highlight prior austenite grain boundaries.  
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Fig.3.6 Cross-section of a crack-bottom area in the specimen heated for 150 s. The 





Fig.3.7 Cross-section of the Zn-coating/steel-substrate interface in the specimen heated 
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???????????????????????????“C” ?? γ ???????







Fig.3.8 Total width of crack opening, and coating separation as a function of specimen 
heating time. Closed marks show the total width of crack opening (“P”), 
whereas open marks show the total width with crack opening and coating 




Table 3.2 The number of characteristic points at the Zn-coating/metal-substrate interface, 




"A" "B" "C"  "D"
s μm mm pts pts pts pts
120 116 4.65 20 76 707 194







The number of chracteristic points
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Fig.3.9 An example of Zn penetration into prior austenite grain boundaries of the metal 
substrate, without accompanying crack-opening. The specimen was heated for 




Table 3.3 LME-cracking frequency at the interfaces of heavily-cracked specimens. See 
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Fig.4.1 Schematic illustration of the hot V-bend test.   
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Fig.4.2 Cross-sectional BSE (backscattered electron) images of the tip-surfaces of 
V-bent specimens heated for 180 s.  
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Fig.4.3 Changes in the tested specimen crack depth as a function of punch tip radius. 
Numbers in the figure designate the maximum crack depth. Closed marks show 
the maximum crack depth, whereas open marks indicate the respective depth of 





Fig.4.4 Changes in the tested specimen crack width as a function of punch tip radius. 
Numbers in the figure designate the maximum crack width. Closed marks show 
the maximum crack width, whereas open marks indicate the respective width of 





Fig.4.5 Changes in the maximum crack depth and crack width of the tested specimens as 
a function of measured true strain. Numbers in the figure designate maximum 
crack depth and width respectively. Closed marks show maximum crack depth, 
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???????????γ??? Zn????????????????? (“A” +“Z”)/  
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Table 4.2 Number of characteristic points at the Zn-coating/metal-substrate interface of 
respective cracked specimens. See Fig3.1, Fig.3.2 and Fig.3.9 for nomenclature. 





s mm - μm mm pts pts pts
180 0.5 0.45 108 4.19 32 7 56
180 3.0 0.25 121 4.88 28 10 47
180 10 0.12 110 5.46 39 7 55
180 15 0.08 65 5.79 15 3 66
180 25 0.05 70 5.92 12 6 75

















Table 4.3 LME-cracking frequencies at the Zn-coating/metal-substrate interface of cracked 
specimens. See Fig.3.1, Fig.3.2 and Fig.3.9 for nomenclature. 
 
  
s mm - pts/mm pts/mm -
180 0.5 0.45 21 9.3 44%
180 3.0 0.25 15 7.8 51%
180 10 0.12 17 8.4 49%
180 15 0.08 14 3.1 22%
180 25 0.05 15 3.0 21%

















(“A” +“B”)?? ???????r? 10 mm??15 mm?????????????????
???r? 10 mm??15 mm????????????????????γ ? Zn???
??????????γ???Zn?????????????????????????
γ??? Zn?????????????????????????? 





























Fig.4.6 Schematic illustration of the locus of Vickers indentations in the specimens near 
the Zn coating/metal substrate interface. 
  




Fig.4.7  Vickers hardness of the V bent specimens by various punch tip radius. Numbers 
in the figure designate the average Vickers hardness. Closed marks show the 
average Vickers hardness, whereas open marks indicate the respective measured 
Vickers hardness. Circular marks show Vickers hardness of “Metal-side 
interface”, triangular marks indicate the Vickers hardness of “Crack bottom” of 









SEM??????????Fig.4.8.1?4????Fig.4.8.1??? r? 0.5 mm?????
? 3?? Fig.3.6????????????????????? ??Fig.4.8.2????r
? 3.0 mm?????Fig.4.8.1????????????????????????γ??
?????????Fig.4.8.3??? r? 10 mm???????????????????





????? r? 3.0 mm????????????????????????????????
?????????????????????? 
 
4.4.  ?? 
 
????HS?????????????r? 10 mm(????? 0.12)??????r?











(a) Entire outlook of the crack 
 
(b) Magnified image around the crack bottom 
Fig.4.8.1 Cross-sectional SEM images of a crack generated for the V bent specimen by hot 






(a) Entire outlook of the crack 
 
(b) Magnified image around the bottom of the crack bottom 
Fig.4.8.2 Cross-sectional SEM images of a crack generated for the V bent specimen by hot 




(a) Entire outlook of the crack 
 
(b) Magnified image around the bottom of the crack bottom 
Fig.4.8.3 Cross-sectional SEM images of a crack generated for the V bent specimen by hot 




Fig.4.8.4 Cross-sectional SEM images of a crack generated for the V bent specimen by hot 













































































??? Zn?????????????900 °C??????180 s?????????V
??????????????????? 
 
1. ???????r? 0.5, 1.5, 3.0, 8.0, 10, 15, 25, 30 mm?????????????
??? V ?????????5 μm ??????????????????????
0.04(r? 30 mm)????????LME???????????????? 
2. ?????????r? 0.5 mm?10 mm???? 110 μm?120 μm????????
????r?15 mm???????????????????????????r ?
??????????????????????????????r? 0.5 mm, 3.0 mm, 








??????????r 30 mm??????????????????? 
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2Eint cos(θ/2) =Egb      (5.1) 
2Eint ?Egb         (5.2) 
 





Fig.5.1 A schematic illustration of the energy balance at the triple point of solid metal 
grains and liquid metal. LME occurs when the liquid metal/solid metal interface 



















????????????Eint?????????Eint? fcc-Fe ? Egb?????????
? Zn???????????????????? 








????Fig.5.2?????????Zn/Fe?? 2???Zn? 6????Fe? 6?
???c????????????????Zn/Fe????????a??b???
















???????????????? Etotal(a) ??????????a ????? c ?
???????????????????????Etotal(a)???? 




(iv) (ii)???(iii)?????????hcp-Zn/fcc-Fe??? Eint(a)???(5.3)?????? 
 




(v) hcp-Zn/fcc-Fe ???????fcc-Fe ??? Fe ??????Zn ?????????



















Fig.5.4 A schematic illustration of relative atomic positions of Zn atoms and Fe atoms at 





??????cut-off ??????277eV?k ?? 15×15×2 ???? VASP ? fcc-Fe ???







???? a? 2.500 Å?????????c??????????????Etotal(2.5)
????????Fig.5.5 ???????????c ?????Fig.5.5 ?????????
??hcp-Zn/fcc-Fe????????Zn ? 6???Fe? 6???????????c??








 ????a? 2.500 Å?????fcc-Fe 6??????????(EFe)?????? a?
2.500 Å? Zn 2??????????(EZn)??????c?????????????
????Fig.5.6??? Fig.5.7????????????????a?????????
????EFe?????Fig.5.8??EZn?????Fig.5.9????fcc-Fe??a?2.425 Å?
Zn? a? 2.610 Å??????????????????????? 
 






Fig.5.5 Formation energy of the Zn/fcc-Fe superlattice corresponding to the six layers of 







Fig.5.6 Formation energy of fcc-Fe lattice corresponding to the six fcc-Fe layers as a 







Fig.5.7 Formation energy of Zn lattice corresponding to the two Zn layers as a function 








Fig.5.8 Formation energy of fcc-Fe lattice corresponding to the six fcc-Fe layers as a 






Fig.5.9 Formation energy of Zn lattice corresponding to the two Zn layers as a function 




















Fig.5.10 ??????????????????? a ??????????????









????? fcc-Fe ?????????????????????????????1.6 
J/m2?????????6)????????Eint?????? 1.5 ???????????





Fig.5.10 Formation energy of Zn/fcc-Fe superlattice corresponding to the six layers of Zn 






Fig.5.11 Interface energy between Zn layer and fcc-Fe layer as a function of a-axis length 





Table 5.1 Interface energy between Zn layer and fcc-Fe layer under various atomic 





E int Zn/Fe(normal) E int Zn/Fe(S2) E int Zn/Fe(S1) E int Zn/Fe(AP)
Å eV eV eV eV
2.425 0.378 0.492 0.762 0.732
2.445 0.293 0.415 0.697 0.665
2.550 0.065 0.231 0.579 0.552
A axis length of
Zn/fcc-Fe superlattice





Fig.5.12 Interface energy between Zn layer and fcc-Fe layer as a function of a-axis length 















??????????????? Jones?7) ?Waseda?8)?????? Zn???Fe?
???????? 22???????????????1.63?9.77×10-5 J/m2?K?????7)?


















Fig.5.13 Possible effect of tensile stress on the energy balance at the triple point of Fe 





Fig.5.14 Schematics of liquid metal propagating into grain boundaries at the triple point 
of metal grains and liquid metal (These schematics were reproduced from ref.9)). 
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2Eint cos(60°/2) = √3  Eint?Egb    (5.5) 
 
????????? 6)??????????????????????????? 





















1) C. S. Smith: Trans. Am. Inst. Min. Metall. Eng.,175 (1948),15. 
2) G. Kresse and J. Furthmüller: Phys. Rev., B54 (1996), 116. 
3) G. Kresse and D. Joubert: Phys. Rev., B59 (1999)1758. 
4) J. P. Perdew: Phys. Rev. Lett., 55 (1985) 1665. 
114 
 
5) P. E. Blöchl: Phys. Rev., B50 (1994), 17953. 
6) Y. Shibuta, S. Takamoto and T. Suzuki: ISIJ int.,48 (2008), 1582. 
7) H. Jones: Mater. Let. 53 (2002), 364. 
8) Y. Waseda and W. A. Miller: Trans. Jpn. Inst. Met., 19 (1978) 546. 





?????????????????????? 2015? 12???2017? 3??????





























??????????????????? Zn ??????? LME ????????Zn
??????????Zn?????HS??LME??????????????????




















































1) K. Akioka, K. Imai, S. Sudo, M. Ichikawa and A. Obayashi: Materia Jpn., 51 (2012), 70. 
2) K. Akioka, K. Imai, M. Matsumoto, T. Nishibata, N. Kojima, T. Takayama, H. Kikuchi 
and Y. Yoshikawa: Proc. JSAE Annual Congress (Spring), Yokohama, Japan, 21-11 
(2011), 1. 






1. ????Masaru Takahashi, Masahiro Nakata, Kazuhito Imai, Nobusato Kojima and 
Nobuo Otsuka 
?????Liquid Metal Embrittlement of Hot Stamped Galvannealed Boron Steel Sheet   
– Effect of Heating Time on Crack Formation– 
????????????ISIJ International vol.57 No.6 pp.1094-1101 
?????2017? 6??? 
 
2. ?????? ?, ?? ??, ?? ??, ?? ?? 
?????????? ?????????????????????????? 
??? 
??????????????? 104? ? 218-226? 
?????2018? 4??? 
 
3. ????Masaru Takahashi, Kouji Akioka, Hiroshi Takebayashi, Kazuhito Imai, Toru 
Yonebayashi, Masahiro Nakata, Toru Takayama and Nobusato Kojima 
?????Liquid Metal Embrittlement Behavior and Bendability of Hot V Bent 
Galvannealed Boron Steel 
????? Proceedings?Proc. 4th Int. Conf. of Hot Sheet Metal Forming of 
High-Performance Steel pp.453-462 
?????2013? 6??? 
?? 
